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Abstract
Nobel metal nanoparticles (NPs) exhibit an optical-plasmonic response when
perturbed by incident radiation. Gold (Au) is particularly useful as it has a strong surface
enhanced Raman scattering (SERS) response and is chemically stable and suitable for
biological applications. Often, magnetic properties are also desired, and iron-oxide NPs
are utilized for the sake of magnetic separation or delivery and these types of materials
are often used with inert plasmonic shells to obtain the desired optical and magnetic
features. This provides much more flexibility when designing a detection scheme.
Functionalizing these NPs with Raman reporter molecules allows for use in imaging and
detection in biological systems, when ultra-sensitive measurements are required, thus,
understanding the plasmonic properties of solid and core-shell NPs is of great interest for
the sake of designing better detection schemes. Computational investigation has aided
this field tremendously as Mie theory, as well as the discrete dipole approximation
(DDA), can simulate NP systems to provide expected SERS response for a given design
prior to chemical synthesis. This work seeks to provide perspective on how core-shell
NPs respond to incident radiation, particularly the E-field, and will provide optical data to
show expected SERS response. Assembling solid Au NPs into a large vesicle assembly
will consider the possibility of 3D NP structures producing an enhanced SERS effect to
allow for increases SERS detection. Smaller assemblies will investigate the source of this
SERS enhancement and will seek to determine how the alignment of Au NPs affects the
optical-plasmonic response. Together, this predominantly computational investigation
will shed light on important characteristics and features of NP systems that can be
exploited for experimental application.
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Chapter 1 – Introduction
Historical Development
Spectral properties of metal particles have fascinated mankind for centuries and
gold (Au) has an impressive history with recorded usage in various environments noted
as far back as the 8th century B.C. in Egypt.1–3 From that moment on we have record of
Au being used in pigments and glass to generate various colors due to the colloidal
properties of the particles in solution.4–11 Experiments in the infrared and visible part of
the spectrum by Tyndall, in the middle 1800’s, began to link spectral shifts of incident
and observed colors of light to how light was scattered by suspended particles in solution,
but why this scattering seemed to show a wavelength dependence could not be explained.
Similarly, why Au should have different optical properties while suspended, in
comparison to the bulk material, was a mystery.
It was not until the development of electromagnetic theory by Maxwell, and
experimentation by Faraday, that eventually prompted Mie to put forward an explanation
as to why radiation scattering occurred as it did for these small Au nanoparticles (NPs)
that are sized comparable to the wavelength of incident light.12–14 The current working
theory is that electromagnetic radiation generates oscillations of the conduction band
electrons to allow for absorption, scattering, and even electric field (E-field)
enhancements (Figure 1.1). At the bulk metal surface, these coupled oscillations are
termed plasmons, and absorption bands at this frequency are known as surface plasmon
resonance (SPR).15
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Figure 1.1 – Illustration of Localized Surface Plasmon Resonance (LSPR) of a spherical
Au NP when perturbed by an external electric field. Electron oscillations propagate with
the electric field.
Metal NPs have garnered much attention over the past few decades due to their
array of spectral properties and applications. In particular, Au NPs provide a chemically
inert surface while also providing unique spectral properties as a result of the induced
SPR effect. Previous experiments reveal how SPR might be exploited, and more
specifically, for NPs, localized surface plasmon resonance (LSPR), with emphasis
focused toward developing new materials for biological applications, molecular sensing,
energy enhancement and molecular transport.16–24 Past studies show that NP size, shape,
composition, and environmental surroundings are important variables when considering
desired outcomes due to wavelength dependence, absorption, subsequent scattering and
E-field enhancement.25–29 Moreover, by assembling single NPs into geometric arrays,
different configurations can be created to provide additional opportunities to tune
plasmonic properties of the assemblies for desired outcomes.30–33 As these NPs are
tethered together, plasmons of individual NPs couple to form expanded plasmonic
modes. These expanded plasmonic modes can be thought of on similar terms to the
hybridization of atomic orbitals when forming molecular orbitals in chemical bonding
2

theory.34,35 For these types of systems the so-called Generalized Multiparticle Mie Theory
can evaluate associated optical properties from change in the charge distribution, but has
limitation due to the spherical restrictions of Mie theory, resulting in the use of
approximation methods that yield dependable results.36–38
When simulating NP assembly systems to model experimental studies,
computational accuracy is critical to generate results that are in good agreement with
laboratory measurements. Literature often makes mention of the specific computational
methods used, such as the Discrete Dipole Approximation (DDA), but often the validity
of these methods have not been thoroughly examined in the results to defend accuracy of
various parameters. The DDA was initially developed to quantify light scattering
properties of dust particles and was applied to metallic NPs to calculate extinction spectra
and Raman intensities of a variety of systems by Schatz and coworkers.39–44 They
performed limited investigation into how extinction spectra and Raman enhancement
depends on the increased number of dipoles used for isolated, coupled spheroid, and
tetrahedron particles on a flat surface.40 The DDA is also applicable in calculating LSPR
in core-shell spherical NPs revealing that shells in such systems greatly influence LSPR
properties.45 But applicability of the DDA to core-shell NPs with arbitrary shapes has not
been examined carefully. Also, little focus is given to the dipole distance in the simulated
system. Some state the distance used, but without any given rationale. Intentional
research needs to address this important parameter in the DDA and provide the
community with dependable results for future computations.
Recent focus has turned to considering groups of NPs arranged in systematic
orientations, often termed “assemblies,” as these closely packed NPs can couple E-fields
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to produce opportunities for energy transfer. These systems provide a variety of optical
properties as a function of their physical constraints and show application in biological
systems.46–49 Comprehensive work highlighting the features of Au and silver (Ag)
illustrates how these dimer systems can function as nano-rulers due to plasmonic
coupling to provide spatial information.37 Synthesis has also provided reason to
computationally investigate trimers and tetramers, in linear and asymmetric geometries,
resulting in similar spectral shifts in the scattering intensities as the dimer systems.50
Experimental focus toward controlling the gap separation between the particles is also of
great interest as the spectral shifts and near-field enhancements increase as the separation
distance decreases.51 Besides the limited focus toward spatial arrangements and
aggregation of NPs, light manipulation continues to be a challenging arena for nanoscale
applications, thus, understanding how NP assemblies interact with particular
polarizations of incident light is of keen interest. Intense focus in exploiting these features
falls in the realm of plasmonic antennas and has garnered much attention in recent years
highlighting the near-field enhancements and polarization dependence.49,52–57
Application of larger assemblies, such as self-assembled plasmonic vesicles, are
also of interest for creating larger systems with surface features, like spikes, for use in
attacking particular cells in biological systems.58 There is also strong interest in creating
Au NP vesicles that can serve as delivery systems, carrying reactive species through
media, or biological systems, to then open when reaching the desired location due to a
functionalized vesicle exterior or through other redox reactions.59–62 Another realm of use
is in serving as molecular sensors, such as for contaminants, as the 3D plasmonic
properties would provide a significant increase in molecular signal detection.

4

Methods
The primary computational tool of this work, used to compute plasmonic
properties of the various NP regiments, will be the DDA, a well-known approximation
method that our group has used in the past with good results.63–69 This method allows for
the computation of E-fields at given lattice sites through the volume of the particle, and in
a defined volume surrounding the particle, to provide absorption, scattering, extinction,
and near-field enhancement spectra, particularly in situations where exact solutions are
not available. We will use the DDSCAT 7.3 implementation of the DDA, which is the
most current version of the software package to date.
We will compare the DDA computed spectra against Mie theory results, when
applicable, in order to check the validity of the DDA. Mie theory provides an exact
solution to Maxwell’s equations and the DDA results should match when considering
spherical systems. The limitation of Mie theory is that it cannot solve for non-spherical
geometries, thus, why the DDA is used in computation.
The Discrete Dipole Approximation (DDA)
Extinction spectra and near-field enhancement factors of Au and iron oxide (IO)Au core-shell NPs will be calculated using the DDA method, implemented in the
DDSCAT 7.3 software package.63,65,70 The DDA is an approximation method used to
solve Maxwell’s equations where exact solutions, such as Mie theory, are not available
due to the shape of the target material. The DDA method has been widely used and is
discussed in detail elsewhere.22,68,69 Briefly, the NP target is simulated by an organized
array of N-point dipoles that respond to an incident E-field (Einc), and these individual
dipoles interact with each other by their resulting E-fields, to allow for a computed
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response of the overall NP. In this approximation, each dipole is ascribed a lattice
position rj, with a defined inter-dipole spacing d, and a given polarizability aj. The Efield of the incident wave at point rj is
Einc,j = E0 exp(ik × rj - iwt) ,

(1.1)

which generates a polarization of each dipole, Pj = aj × Ej, where each N-point dipole has
a resulting electric field Ej that is due to the incident field and surrounding dipoles. The
E-field contribution of the surrounding dipoles at point j, by the dipole at point k, can be
found by the following summation:
𝑬!"#$%,' = − $ 𝑨'( ∙ 𝑷(
')(

(1.2)

where the Ajk term is a 3´3 matrix. Expanding this term, with 𝒓*'( = +𝒓' −𝒓( ,/𝑟'( , gives
,

𝑨'( = $
(-.

exp+𝑖𝑘𝑟'( ,
𝑖𝑘𝑟'( − 1
× 5𝑘 * +𝒓*'( 𝒓*'( − 𝐈+ , +
+3𝒓*'( 𝒓*'( − 𝐈+ ,: , 𝑗 ≠ 𝑘
*
𝑟'(
𝑟'(

(1.3)

which provides opportunity to solve the scattering problem through an iterative method
by assigning values for the polarizabilities (aj) and finding the polarizations that satisfy a
system of 3N linear equations:
,

$ 𝑨'( ∙ 𝑷( = 𝑬/01,' .

(1.4)

(-.

Once the polarizations and E-fields have been solved, the absorption and extinction cross
sections of the target NP can be considered via the following two equations:
,

𝐶234

4𝜋𝑘
2
∗
*
=
$ C𝐼𝑚F𝑷' ∙ +𝛼'6. , 𝑷'∗ H − 𝑘 + J𝑷' J K
*
|𝑬5 |
3
'-.
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(1.5)

,

𝐶$8"

4𝜋𝑘
=
$ 𝐼𝑚+𝑬∗/01,' ∙ 𝑷' ,
|𝑬5 |*

(1.6)

'-.

The scattering cross section (Csca) can be easily found, as Csca = Cext – Cabs, and the
resulting scattered E-field is given by
,

𝑬412

𝑘 * exp(𝑖𝑘𝑟)
=
$ 𝑒𝑥𝑝+−𝑖𝑘𝒓* ∙ 𝒓*' ,(𝒓*𝒓* − 𝐈+ ) 𝑷' .
𝑟

(1.7)

'-.

Thus, the near-field at the dipole locations inside the NP can be obtained by adding Einc
and Escat. Near-field calculations outside the NP boundary requires the addition of dipole
sites, that are termed pseudo-vacuum sites, that extend the NP target shape and allow for
the computation of E-fields beyond the surface of the NP.65
Extended Mie Theory
Spherical geometric restriction of NPs allows for calculations of light scattering
and absorption utilizing Mie theory, which, provides an exact solution to the Maxwell
equations.71 Extension of Mie theory to core-shell spheres was first introduced by Aden
and Kerker and was later extended to multilayer spheres using a recursive algorithm by
Wu and Wang.72–74 For a given NP, calculating the extinction efficiency (Qext) due to the
absorption and scattering of electromagnetic radiation needs to consider the entire surface
of the given particle, thus, the integration is taken over the hypothetical surface that
encloses the entire particle but that is also far enough removed from the particle surface.
The scattering and absorption coefficients lead to the familiar equation for Qext :
∞

𝑄$8"

2
=
$(2𝑛 + 1)Re(𝑎0 + 𝑏0 ) ,
(𝑘𝑅)*
0-.
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𝑘=

2𝜋𝑁
𝜆

(1.8)

where R is the particle radius, N is the complex refractive index of the particle, and an and
bn are the Mie scattering coefficients. The E-field near the particle surface contributes to
the surface enhancement of Raman signals and can be calculated according to the
following integral.75
𝑄,9 =

*: :
1
Z⃗4 ∙ ZZZZ⃗
Y
Y 𝑟* 𝑬
𝑬∗𝒔 𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙|%-<
4𝜋𝑅* 5 5

(1.9)

Z⃗*4 J near the particle surface.
The above integral is the average of the scattered E-field J𝑬
Substituting the expansion of scattered E-fields into this integral, one gets
∞

𝑄,9

*
*
1
(*)
(*)
= $ C|𝑎0 |* `(𝑛 + 1) aℎ06. (𝑥)a + 𝑛aℎ0?. (𝑥)a c
2
0-.

*

(*)
+ (2𝑛 + 1)|𝑏0 |* aℎ0 (𝑥)a K ,

(1.10)

𝑥 = 𝑘𝑅

(*)
where ℎ0 (𝑥) is the spherical Hankel function of the second kind. This QNF is the

surface-averaged near-field enhancement factor, EF = 𝑅(𝜔) = 〈|𝑬|* 〉⁄|𝑬5 |* where
〈|𝑬|* 〉 is the E-field averaged over the particle of surface. Coefficients used in the noted
expansions are obtained through the recursive algorithm suggested by Yang.73 We have
implemented this algorithm and examined the impact of the core dielectric properties on
the plasmonic properties in previous publications.22,69
Overview of Chapter Contents
Accuracy of the DDA, particularly associated with extinction spectra and nearfield enhancement results, is presented in Chapter 2 and compares Mie theory to the
DDA to highlight the usefulness of this approximation method. A systematic
investigation of spherical core-shell NPs, with particles of different diameters, shells of
varied thicknesses, and cores of different shapes is considered. The results of this chapter
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verify the accuracy of the DDA and highlights the usefulness of this approximation when
considering non-spherical shapes, and this method is then then utilized in subsequent
chapters. Chapter 3 considers a spherical vesicle consisting of a surface of solid Au NP
spheres. The surface NPs generate a greater plasmonic response due to the increased
number of hot-spots between neighboring NPs. This work complements experimental
data (from collaboration) and provokes questions about how neighboring NPs generate
plasmonic coupling. Chapter 4 utilizes the DDA to compute optical-plasmonic properties
of Au NPs in various assemblies, with some variety of NP diameter, and considers
incident E-field alignment with respect to the NP arrangements. Results of this work
reveal the strong dependence on E-field alignment in regard to the NP arrangements and
shows that the strongest SERS enhancement occurs for a linear arrangement of NPs and
not for a 3D configuration consisting of the same number of NPs. Chapter 5 summarizes
the conclusions and provides direction for future investigation into this area of research.
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Chapter 2 – Near-Field and Far-Field Optical Properties of Magnetic Plasmonic
Core-Shell Nanoparticles with Non-Spherical Shapes: A Discrete Dipole
Approximation Study
The combined optical and magnetic properties of magnetic-plasmonic core-shell
nanoparticles (NPs) makes them ideal candidates for many applications in biomedical
fields. Plasmonic properties of the shell gives rise to Surface Enhanced Raman Scattering
(SERS) that can be utilized for sensitive detections, while magnetic properties are useful
for magnetic separation and magnetic guided delivery. The plasmonic properties of the
shell depends on both the size and shape of the core and shell, and this property, in
principle, can be calculated using the Discrete Dipole Approximation (DDA) method.
However, since the DDA is an approximation method, its accuracy to calculate the
plasmonic properties of the shell, especially the near-field enhancement relevant to
SERS, has not been examined carefully. We present a systematic test on the accuracy of
the DDA to calculate the plasmonic properties in terms of both the extinction spectra and
the near-field enhancement of the magnetic-plasmonic core-shell NPs. Accuracy of the
DDA method was first investigated in comparison to Mie theory results for spherical
core-shell NPs, since Mie theory gives the exact solution to spherical shaped particles.
DDA calculations were further extended to core-shell nanoparticles with octahedral
cores. We elucidate convergence of the DDA results by considering the effects of dipole
distance and shell thickness in regard to the NP spectral properties. This work validates
application of the DDA methods for calculating electrodynamic properties of core-shell
NPs and highlights plasmonic properties of core-shell with non-spherical cores.
This chapter has been published in AIP Advances, 2019, 9, 025021.

10

Introduction
Magnetic-plasmonic core shell nanoparticles (NPs) possess dual magnetic and
plasmonic properties and have widespread applications in biomedical fields.76–80 The
magnetic cores such as iron oxide (IO) are greatly desired for applications such as
magnetic separation, magnetic resonance imaging or magnetic guided drug delivery. The
IO-cores can be chemically stabilized by coating them with noble metals, such as Au, that
not only provides a chemically inert surface, but also introduces interesting plasmonic
properties which can be utilized for sensing, imaging, and photothermal therapy. Bhana
et al81–83 developed IO-Au core-shell NPs that are capable of dual enrichment and
detection of circulating tumor cells (CTCs) resulting in an increased sensitivity to CTC
detection. In that study, the IO-Au NPs were coated with Raman active reporter
molecules on an Au-shell that gives rise to Surface Enhanced Raman Scattering (SERS).
Simultaneously, the magnetic core allows the NPs to pull down CTC via antibody
targeting, hence achieving dual enrichment and detection in one nanoconstruct. The
SERS feature of the NPs provide spectral fingerprint-like signals and is far-superior than
fluorescence-based detection methods. The SERS observed on plasmonic NPs is
primarily a result of the enhanced electric field near the metal surface due to the
collective oscillations of the free electrons in metallic NPs upon exposure to the
oscillating electromagnetic fields of incident light.83,84 One may define a near-field
enhancement factor, 𝑅(𝜔) = |𝑬(𝜔)|* ⁄|𝑬5 (𝜔)|* , where |𝑬5 (𝜔)| is the incident electric
field intensity, |𝑬(𝜔)| is the electric field near the plasmonic shell surface, and w is the
frequency of the electromagnetic radiation. The SERS enhancement factor is
approximately equal to square of R(w) if the difference in frequencies between the

11

incident light and emitted Stokes-shifted Raman signal is ignored. Depending on the
experimental setup, the relevant data associated with the SERS intensity is either the
enhancement R(𝜔) averaged over the particle surface <R(w)>, or the maximum Rmax(w)
in the case of single molecule SERS. Both quantities are of interest to examine.83 SERS
detection using such magnetic-plasmonic core-shell NPs have many promising
applications in nanomedicines.68,77,85–89
Plasmonic properties of Au shell NPs can be tuned by changing the size and shape
of both the core and the overall particle.90–92 Optical property studies through
experimental techniques such as absorption spectroscopy (UV-Vis), atomic force
microscopy (AFM), scanning tunneling microcopy (STM), and surface enhanced Raman
scattering (SERS), combined with theoretical/computational calculations, are capable of
providing great understanding on the structure/property relationships.93 Several numerical
methods are available that calculate electrodynamic properties of arbitrarily-shaped coreshell nanostructures including Boundary Element Methods (BEM), Finite Element
Methods (FEM), Finite Difference Time Domain methods (FDTD) and the Discrete
Dipole Approximation (DDA).45,94–98 The DDA was initially developed to quantify light
scattering properties of dust particles,39 and was applied to metallic NPs to calculate
extinction spectra and Raman intensities of a variety of systems by Schatz and
coworkers.42,43,99–101 They reported extinction spectra as a function of increased dipole
number as well as Raman enhancement convergence for isolated, coupled spheroid, and
tetrahedron particles on a flat surface.99 The DDA is also applicable in calculating surface
plasmon resonance (SPR) in core-shell spherical nanoparticles revealing that shells in
such systems greatly influence SPR properties.45 But applicability of the DDA to core-

12

shell nanoparticles with arbitrary shapes has not been examined carefully. In the present
work, we highlight the use of the DDA to calculate spectral properties of IO-Au coreshell NPs with non-spherical shapes. We have restricted studies to 35 nm iron oxide
(Fe3O4) cores of different shapes, coated with varying gold shell thicknesses, since our
goal is to test the applicability of the DDA to calculate the near-field enhancement. Our
work tests applicability of the DDA methods for calculating electrodynamic properties of
core-shell NPs and highlights impact of core shape on plasmonic properties of core-shell
NPs.
Theory
Extended Mie Theory
Spherical geometric restriction of NPs allows for calculations of light scattering
and absorption utilizing Mie theory, which, provides an exact solution to the Maxwell
equations71. Extension of Mie theory to core-shell spheres was first introduced by Aden
and Kerker72 and was later extended to multilayer spheres using a recursive
algorithm73,74. Briefly, the Maxwell equation is solved for a multilayer sphere, where
each layer is characterized by a relative refractive index ml=Nl/N where Nl and N are the
refractive indices of the lth layer and of the medium outside the sphere, respectively, with
l=1,2…L. The magnetic permeability is assumed to have the free space value µ=µ0
everywhere. The incident wave is polarized along the x direction propagating in the zdirection. Following the notation outlined in Bohren and Huffman’s book102, the
Z⃗@ and magnetic field 𝑯
ZZ⃗@ in the lth layer is expanded as the sum
scattering electric field 𝑬
of incoming and outgoing parts:
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ZZ⃗!.0 (j=1,3) are the vector harmonic functions with the radial dependence
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given as a spherical Bessel function 𝑗0 (𝑘@ 𝑟) for j=1, and ℎ0 (𝑘@ 𝑟) for j=3. The four
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coefficients in the above expansion, 𝑎0 , 𝑏0 , 𝑐0 and 𝑑0 can be determined by the
boundary condition, namely, the tangential component of electric fields and magnetic
fields have to be continuous at the boundary. In the first layer, 0 ≤ 𝑟 ≤ 𝑟. , there are no
(.)

(.)

outgoing fields, so the coefficients, 𝑎0 = 𝑏0 = 0. In the region outside the sphere, the
Z⃗ = Z𝑬⃗/ + Z𝑬⃗4 ,
L+1 layer, the total external field is the sum of incident field and scattered, 𝑬
where the incident and scattered fields can also be expanded as:
A
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Comparing Equation (2.1) with Equation (2.3) and (2.4), one can see that 𝑎0 = 𝑎0C?. ,
𝑏0 = 𝑏0C?. , 𝑐0C?. = 𝑑0C?. = 1. The extinction coefficient, Qext, due to absorption and
scattering of electromagnetic radiation by the particle, is given by Qext= Qa + Qs where Qs
and Qa are defined as follows:
𝑄4 =

1
1
ZZ⃗4 × Z𝑯
Z⃗∗4 >∙ 𝒆*% 𝑑𝐴
s 𝑅𝑒 < 𝑬
*
𝜋𝑅
2
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𝑄2 =

1
1
ZZ⃗ × ZZZZZ⃗
s 𝑅𝑒 < 𝑬
𝑯∗ >∙ 𝒆*% 𝑑𝐴
*
𝜋𝑅
2

Here, the integral is taken over any hypothetical surface that enclose the entire particle
but that is also far enough removed from the particle surface, and R is the radius of the
particle. This scattering component is also referred to as the far-field, as only this
component can reach a distance much further away from the particle. The above integral
leads to the familiar equation for Qext :
∞

𝑄$8"

2
2𝜋𝑁
)
=
$(2𝑛
+
1)Re(𝑎
+
𝑏
,
𝑘
=
0
0
(𝑘𝑅)*
𝜆

(2.5)
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The electric field near the particle surface contributes to the surface enhancement of
Raman signals. One can calculate QNF according to the following integral.75
𝑄,9 =

*: :
1
Z⃗4 ∙ ZZZZZZ⃗
Y
Y 𝑟* 𝑬
𝑬 ∗4 𝑠𝑖𝑛𝜃𝑑𝜃𝑑𝜙|%-<
4𝜋𝑅* 5 5

Z⃗*4 J near the particle
The above integral is the average of the scattered electric field J𝑬
surface. Substituting the expansion of scattered electric fields in Equation (2.4) into this
integral, one gets
∞

𝑄,9

*
*
1
(*)
(*)
= $ C|𝑎0 |* `(𝑛 + 1) aℎ06. (𝑥)a + 𝑛aℎ0?. (𝑥)a c
2
0-.

(2.6)

*

(*)
+ (2𝑛 + 1)|𝑏0 |* aℎ0 (𝑥)a K , 𝑥 = 𝑘𝑅
(*)
where ℎ0 (𝑥) is the spherical Hankel function of the second kind. This QNF is the

surface-averaged near-field enhancement factor, EF=𝑅(𝜔) = 〈|𝑬|* 〉⁄|𝑬5 |* where
〈|𝑬|* 〉 is the electric field averaged over the particle of surface (note the QNF calculated
here differ by a factor 4 from that in Ref.75).
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The coefficients in the expansions in Equations (1) – (4) are obtained through the
recursive algorithm suggested by Yang.73 The readers should refer to the original article
by Yang et al. for the details of how a recursive algorithm allows for the determination of
these coefficients for each dielectric layer of the NP of interest. We implemented this
algorithm and have examined the impact of the core dielectric properties on the
plasmonic properties in previous publications.22,69
Discrete Dipole Approximation
Extinction spectra and near-field enhancement factors of Au and IO-Au core-shell
NPs were also calculated using the DDA method, implemented in the DDSCAT 7.3
software package.63,65,70 The DDA is an approximation method used to solve Maxwell’s
equations where exact solutions, such as Mie theory, are not available due to the shape of
the target material. The DDA method has been widely used and is discussed in detail
elsewhere.22,68,69 Computed electric fields, |Ej |/|E0|, were obtained for all dipole locations
within simulated particle volumes and in an extended volume surrounding the particle
and plotted with Paraview to visualize E-field enhancements. Dipole distance of
simulated particle systems, as a function of convergence to Mie theory, is of interest in
this work as this variable is directly linked to computational expense and accuracy. The
DDA calculations were performed using incremental dipole distances to check the effect
of dipole density for Au and IO-Au NPs. The average near-field enhancement,
EF=< 𝑅(𝜔) >=< |𝑬(𝜔)|* >⁄|𝑬5 (𝜔)|* is determined by averaging over all dipoles one
lattice point away from the simulated particle surface.
We simulated the extinction and near-field spectra for spherical gold
nanoparticles (50 nm) and extended the calculations for core-shell IO-Au nanoparticles,
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which, were compared to Mie theory. An octahedral IO-core was also used to compare
against the spherical IO-core to elucidate the impact of core shape on the spectra. Gold
shells and IO cores were modeled using optical constants determined by Johnson and
Christy103 and Goossens et al.104, respectively. A house developed Fortran 90 code was
used to generate particle representations as material-specific point dipoles on a cubic
lattice for the subsequent DDA calculations.
Results & Discussions
Spherical Solid Au Nanoparticles
Figure 2.1A presents the DDA computed extinction spectra of 50 nm Au NPs as a
function of dipole distance (0.25 nm, 0.5 nm, 0.75 nm and 1 nm), while Figure 2.1B
shows corresponding results for average near-field enhancement factor spectra. The nearfield EF is defined as the averaged E-field intensity, <|E2|>/|E0|2, for all surface sites,
where E0 is the incident E-field intensity used in the calculation. Surface sites in the DDA
calculations are defined as any medium lattice site where one of its nearest neighbors is
occupied by the particle (or one lattice point removed from particle surface). A smaller
dipole distance corresponds to a finer grid spacing, and an overall higher number of
dipoles used in the DDA calculations, which, usually leads to a more accurate result.
Convergence of the DDA results toward expected Mie results, in terms of extinction
spectra, is quickly obtained without the need of increased dipole density as there is
essentially no difference in computed DDA spectra (Figure 2.1A). The DDSCAT manual
suggests using a criterion of |m|kd<1, or a more conservative criterion of |m|kd<0.5, to
provide a resulting dipole distance (d) that should generate accurate results. According to
this criterion, the desired d for a 50 nm Au NP is approximately 17 nm or 8 nm,
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respectively. The dipole distance used in this study is much smaller than the suggested
value in the DDSCAT manual. Not surprisingly, the extinction spectra calculated is
essentially indistinguishable from Mie theory. The near-field enhancement spectra,
however, does not converge to anticipated Mie theory results as quickly as the extinction
spectra (Figure 2.1B). The most noticeable difference is the presence of a shoulder peak
at approximately 680 nm in the DDA spectra. This peak diminishes slightly when a
smaller dipole distance is used, but does not go away entirely.

Figure 2.1 – The extinction spectra (A) and near field enhancement spectra |E|2/|E0|2 (B)
for 50 nm spherical Au nanoparticles as a function of dipole distances (dd) used for the
DDA calculations. The DDA results were compared to Mie theory results.

The near-field EF determines the surface enhancement of Raman molecules adsorbed on
the nanoparticles. When comparing experimentally measured and computed EFs, there
are some complications. Experimentally observed EFs could be a result of a single
surface molecule located at a hot spot where EF is maximized, or it could be based on the
average of EF over all molecules adsorbed on the particle surface. Assuming Raman
molecules are adsorbed on the Au NP with uniform monolayer coverage, the relevant EF
should be equated to the <|E2|> averaged over all surface points. We see from the above
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data, that the average <|E2|> value is approximately 15 at 550 nm, but if the EF is coming
from the hot spot, then the highest |E2| value is a better representation of experimental
conditions. Figure 2.1A presents a plot of all EF values for all surface points obtained
with two different dipole distance values, d = 0.4 nm and d = 1.0 nm, at l=550 nm. The
maximum |E2| value increases from 70 to 90 when the lattice size is adjusted. Hao and
Schatz have also shown that using a dipole distance of 0.25 nm, in comparison to 1.0 nm,
leads to a 2 to 3-fold increase in E-field intensity near the surface.42 This indicates some
challenges to when trying to compute the relevant SERS EF using computational
approaches. The precise magnitude of the EF due to hot spots is dependent on the
computational details such as grid space used in DDA. Figure 2.2B compares the
histogram distribution of all |E2| values over the surface points with different dipole
distances. As the dipole distance decreases, the histogram did not change much, except it
has more high E-field tail. The EF values averaged over the particle surface however did
not change significantly as seen in Figure 2.1.

Figure 2.2 – (A) |E2| intensities at all surface points obtained from DDA calculations
done with dipole distance (dd) 1.0 nm and 0.4 nm respectively at wavelength l=550 nm.
(B) Histograms of all |E2| values for surface sites as a function of dipole distances (dd) for
Au spherical NP 50 nm diameter.
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Spherical core-shell IO-Au nanoparticles
Next, we compare the accuracy of the DDA calculations to Mie theory for
spherical magnetic plasmonic core-shell NPs. The first testing system is a spherical IOcore with a 35 nm diameter and 10 nm Au shell. Figure 2.3A compares computed
extinction spectra for spherical IO-Au core-shell NPs based on the DDA calculations
with dipole distances varied between 0.5 nm and 1.0 nm, respectively. Figure 2.3B
presents corresponding results for the average near field enhancement factor R(w) of the
same systems. The DDA results converge with Mie theory results regardless if dipole
distance is at 1 nm or 0.5 nm. Comparison of extinction spectra and near-field results of
these IO-core NPs to 50 nm Au NP results (Figure 2.1) reveals an approximate 100 nm
red-shift with the introduction of the IO core. The dielectric properties of the core
material significantly impact both the peak position and intensity of the extinction
spectra.22 The DDA results in Figure 2.3 are in excellent agreement with Mie theory, and
are independent of the two dipole distances studied, thus demonstrating that the DDA
method can accurately describe the electrodynamics of such core-shell nanoparticles.
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Figure 2.3 – The extinction spectra (A) and near field enhancement factor <|E2|>/|E02|
spectra (B) of IO-Au core-shell nanoparticles with spherical IO core of 35 nm and 10 nm
Au shell. Dipole distances (dd) were varied between 1.0 nm and 0.5 nm in the DDA and
are compared to Mie theory results.
Similarly, we computed optical properties of spherical IO-Au core-shell NPs with a shell
thickness of 5 nm using the DDA method and compared these results to Mie theory. As
the shell thickness decreases, the extinction spectra and near-field enhancement spectra
are further red shifted for another 100 nm (Figure 2.4A and Figure 2.4B). An earlier
study has suggested that for IO core, the plasmon peak red shift as the shell thickness
increases, in contrast to silica core.105 This suggestion however was not correct. Chaffin
et al have investigated impact of core dielectric properties on the plasmonic behavior of
core-shell nanoparticles and have shown that the shift in plasmonic peak with shell
thickness need to consider the overall size of the particle.22 The average near-field
enhancement factor shows an increase (Figure 2.4B) in comparison to solid Au NPs
(Figure 2.1) and with 10nm Au shell (Figure 2.3B). Unlike in the case of 10 nm Au shell,
the DDA calculation with dipole distance 1.0 nm clearly is not agreeing with Mie theory
prediction. Reducing the dipole distance to 0.5 nm gives a better agreement with the Mie
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theory. This demonstrates that for thin shell, a smaller dipole distance is needed to obtain
accurate results from DDA calculation.

Figure 2.4 – The extinction spectra (A) and near field <|E2|> spectra (B) of IO-Au coreshell nanoparticles with spherical IO core of 35 nm and 5 nm Au shell. Dipole distances
dd were varied between 1.0 nm and 0.5 nm in the DDA and are compared to Mie theory
results.
IO-Au core shell nanoparticles with octahedral core
DDA calculations are extended to predict extinction and near-field properties of
core-shell NPs with an octahedral core for which Mie theory cannot be used. Figures 2.5
presents the extinction and near-field enhancement factor with an octahedral core with
edge length of 35 nm compared with a spherical core of 35 nm. The volume of the two
cores in this comparison are not equal as the volume of an octahedron is given by V ~
0.471a3, with a being the edge length, and the volume of spherical core is given by V ~
0.523d3, with d being the diameter of the sphere. The Mie theory results for spherical
core are included in Figure 2.5 merely as a reference. The shell thickness for these
systems is approximately 10 nm (the overall particle diameter is fixed at 55 nm in both
cases). The two dipole distances used in DDA calculations did not influence the results.
The extinction spectra are broader for octahedral core-shell NPs than for the spherical
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core-shell NPs. The near-field EF spectra are also broader for octahedra cores than for the
spherical cores.

Figure 2.5 – The extinction efficiency spectra (A) and near field enhancement factor
spectra (B) of IO-Au core-shell nanoparticles with spherical core (S) and octahedra core
(O). Data compares spectra of IO spherical cores (core diameter = 35 nm) and IO
octahedral cores (core edge length = 35 nm) with an Au spherical shell of 10 nm (the
overall particle diameter is 55 nm). Dipole distance is varied between 0.5 – 1.0 nm. The
DDA results are compared to Mie theory for a IO-Au spherical core system.
Figure 2.6 compares the DDA results for IO-Au core-shell nanoparticle with 35 nm
octahedra core to spherical IO-Au nanoparticles with equal core volumes. The spherical
core now has a diameter of 33.8 nm, instead of 35 nm, to allow for better comparison.
These two figures reveal similar patterns as seen in Figure 2.5, the extinction spectra for
octahedra core is broader in comparison to the spherical core, but the two peak positions
are now aligned together at a similar wavelength. The near-field EF spectra for the
octahedra core is slightly red shifted than the spherical core. The near-field spectra
obtained from the DDA calculations for the spherical core has a shoulder peak and is not
in full agreement with Mie theory, a similar problem encountered for single spherical 50
nm Au NP (Figure 2.1B).
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Figure 2.6 – The extinction spectra (A) and average near field <|E2|> spectra (B) of IOAu core-shell nanoparticles with equal volume cores. Data compares spectra of IO
spherical cores with diameter = 33.8 nm and IO octahedral cores (core edge length = 35
nm) with total nanoparticle size 55 nm. Dipole distance is varied between 0.25 – 1.0 nm.
Results are compared to Mie theory for IO-Au spherical core system (shell thicknesses is
10.6 nm).
Although the average near field enhancement spectra obtained from octahedra core-shell
NPs is similar to the spherical core-shell NPs, a closer look at the electric field around the
particle reveals some difference. Figure 2.7 shows plots of the electric field intensity
|E|2/|E0|2 maps for the systems highlighted in Figure 2.6. We compare the electric field
maps between octahedra core with 35 nm edge and spherical cores with 35 nm diameter
(Figure 2.7A and Figure 2.7B) and with spherical core with equal volume (diameter 33.8
nm) (Figure 2.7C). For the spherical IO-Au NP, the maximum E-field is located along the
E-field polarization direction (the y-axis). The octahedra core, however, perturbs the
electric field and the maximum E-field is enhanced on the edge of octahedra core. Note
Figure 2.7B and Figure 2.7D present the E-field maps in two planes perpendicular to each
other. This localization of strong electric field intensity along the edges of metal
nanoparticle (edge effect) is due to significantly enhanced charge density.
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Figure 2.7 – |E2|/|E02| field maps for a core-shell IO-Au NP with overall 55 nm diameter
at wavelength 660 nm. (A) spherical core with 35 nm diameter nm; (B) octahedral core
with edge length = 35 nm; (C) spherical core with 33.8 nm diameter; (D) Octahedra core
with core edge length = 35 nm (note views in panel D and panel B are in different planes)
The near-field EF plots for all surface points clearly demonstrates that there are more hot
spots for an octahedral core than for a spherical core at all wavelengths (Figure 2.8). The
EF value for an individual hot spot reaches approximately 170 at 660 nm for octahedron
core (Figure 2.8B), while the EF value for hot spots with spherical core reaches about 70.
Taking these results into consideration, one can conclude that having a non-spherical core
can enhance SERS properties of Raman molecules adsorbed on IO-Au nanoparticles.
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Figure 2.8 – Near field Enhancement Factor for surface points on shell with spherical
(diameter 35 nm) and octahedral core (edge length 35 nm) at wavelengths (A) 560 nm,
(B) 660 nm, and (C) 725 nm, respectively.
Lastly, we present the E-field maps for the same octahedra core-shell NPs at 660
nm when the polarization angle of the light is changed (see Figure 2.9). The E-field map
shows a change in intensity in conjunction with a change in the direction of electric field.
However, the averaged EF spectra with different polarization angles and the extinction
spectra remains the same for this particle (data not shown).

Figure 2.9 – |E2|/|E02| field maps for a 55 nm core-shell IO-Au NP with 35 nm octahedra
core at wavelength 660 nm. The k-vector of the light is perpendicular to the paper, and
polarization of the light is changed from 0, 30, 60 and 90 degrees.
Conclusion
We present a test study on the accuracy of the DDA calculations of both
extinction spectra and near-field EF spectra for IO-Au core-shell nanoparticles. By
making use of a recursive algorithm to solve the extended Mie theory for multi-layer
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spherical particles, we compared DDA calculations for spherical particles against Mie
theory for both the EF spectra and near-field enhancement spectra. We see that a
convergence of the DDA results, as a function of dipole distance, is reached much more
quickly than the near-field EF spectra. Also, when the Au-shell thickness is decreased, a
smaller dipole distance is needed to reach the convergence.
After establishing the accuracy of the DDA calculations for spherical IO-Au NPs,
we investigated the impact of a non-spherical core on IO-Au NPs. We observe that with
an octahedral core, both the extinction spectra and EF spectra become broader than for a
spherical core. In general, a broader EF spectrum provides a better SERS signal as one
can gain better enhancement over a wider range of wavelength. In addition, we also see
that although the averaged EF over all surface points with an octahedral core is close to
that obtained with spherical-core shaped NPs, there are nevertheless more hot spots for
the non-spherical core due to the edge effect on the core. Thus, a non-spherical core, in
principle, can provide better SERS enhancement than can a spherical core.
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Chapter 3 – Computational Investigation of Self-assembled Plasmonic Vesiclebased SERS Platform for Picomolar Detection of Hydrophobic Contaminants
Using the Discrete Dipole Approximation
Hydrophobic contaminants in food and the environment seriously threaten human
health. The ultra-sensitive detection of these pollutants can minimize their damage.
However, current ultrasensitive sensing strategies are limited to solid substrate-based
surface-enhanced Raman spectroscopy (SERS) detection. Herein, we report the Discrete
Dipole Approximation (DDA) results that simulate the experimental work of our
collaborators to propose the enhancement capabilities resulting from the plasmonic
effects of a vesicle of gold (Au) nanoparticles (NPs). To this end, amphiphilic gold
nanoparticles (Au NPs) tethered with linear block copolymer (BCP) of polystyrene-bpoly (ethylene oxide) (PS-b-PEO) were designed, which display dual functions for
improving detection sensitivity, including serving as building blocks for the construction
of plasmonic vesicles to yield large numbers of hot-spots for SERS enhancement, and
providing hydrophobic PS layers to enrich and concentrate target hydrophobic molecules
for direct SERS detection with hydrophobic interaction. By modulating the Au NP size
and the length of BCP chains, the ultrahigh detection sensitivity, down to the picomolar
level, was obtained via using 80 nm Au NPs tethered with BCP of PEO45-b-PS900-SH.
In addition, the proposed method exhibits excellent reproducibility, universality,
practicability, as well as multiplexing detection capacity in actual contaminant-spiked
soil samples. Vesicles make of 20, 50, and 80 nm diameter Au NPs were simulated using
the DDA to compare to these experimental results and reveal the NP coupling of a 3D
plasmonic NP system.

28

This chapter has been partially published in Nanoscale, 2018, 10, 13202-13211,
which, includes the experimental work of our collaborators and limited computational
details and results.
Introduction
Hydrophobic contaminants in food and the environment seriously threaten human
health. Biosensors for the ultrasensitive detection of these pollutants are urgently needed
to minimize the damage. Surface-enhanced Raman spectroscopy (SERS), as a promising
and powerful ultrasensitive analytical tool, has attracted extensive studies in the detection
of trace amounts of chemical and biological analytes.86,106–111 Plasmonic nanomaterials
such as gold nanoparticles (Au NPs) have been widely applied to design and fabricate
various SERS-active substrates for ultrasensitive biosensing due to their unique localized
surface plasmon resonance (LSPR) and intense local electromagnetic field in the hotspots.112–118 These Au NP-based SERS-active substrates mainly involve rough Au NP
surfaces,119 anisotropic Au NPs,120 Au NP oligomers,121,122 core–shell nanomaterials,123
nanochains,124 nanoaggregates,125 nanoclusters,126,127 and nanoarrays.128 By using these
Au NP-based SERS-active substrates, high SERS enhancement factors (EFs) ranging
from 104 to 109 have been obtained,111 which can potentially provide specific vibrational
fingerprints of molecules even at ultralow concentrations. Nevertheless, the previously
reported SERS-active substrates were mainly zero-dimensional (0D), one-dimensional
(1D) or two-dimensional (2D), of which the maximum number of SERS hot-spots is
fairly limited.129 In addition, the laser confocal volume for SERS detection is a threedimensional (3D) space, which suggests that the 0D, 1D, or 2D SERS-active substrates
underutilized the active confocal volume although large-area SERS hot-spots exist within
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planar geometry.130–132 Also, the incident laser is required to be tightly centered on the
right plane to realize the maximum SERS enhancement, largely constraining the
versatility of such low-dimensional substrates, especially for field detection.129,132
Recently, 3D plasmonic nanostructures have been used as SERS-active substrates
to provide strong SERS enhancement.132 Compared with conventional low-dimensional
plasmonic nanostructures, 3D plasmonic nanostructures provide many advantages as
SERS-active substrates, including more SERS hot-spots for giant enhancement in all
three dimensions, larger overall surface area, and higher tolerance to focus misalignment
along the z-axis, thus improving the detection sensitivity.132,133 However, traditional 3D
SERS plasmonic nanostructures, such as round pillars, cylinders and columnar
architectures, were mainly produced using techniques such as ion beam milling,134 deep
reactive ion etching,135,136 optical lithography,137 and electron beam lithography,138 which
are tedious processes and require expensive instruments. In contrast, controlled selfassembly of Au NPs has become a promising alternative method for the construction of
3D SERS-active nanostructures, due to its simple and cheap preparation method.139–146
However, developing a simple and reproducible method to synthesize uniform SERSactive substrates with sufficiently high EFs, large numbers of hot-spots, and the
capability to use the 3D laser confocal volume remains an enormous challenge.
In this joint work, our experimental collaborators developed a 3D plasmonic
vesicle as the SERS substrate to detect hydrophobic contaminants existing in food and
the environment, in which target molecules were simultaneously encapsulated and
enriched during the self- assembly process. In addition, they systematically investigated
the effect of NP size and polymer length on the formation of 3D plasmonic vesicles and
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their SERS EFs. Their previous work indicated that Au NPs tethered with the amphiphilic
block copolymer (BCP) of polystyrene-b-poly (ethylene oxide) (PS-b-PEO) were able to
form plasmonic vesicles through the solvent-exchange method and film rehydration
method due to their amphiphilic nature.147,148 Herein, we simulate the Au NP vesicle
using the Discrete Dipole Approximation (DDA) to compare computed SERS EF to the
experimentally measured results. Experimentally, plasmonic vesicles were prepared by
using these amphiphilic BCP-tethered AuNPs through the oil-in-water emulsion method.
To investigate the effect of NP size and length of BCP on the self-assembly process and
the associated 3D plasmonic vesicle SERS EFs, three different Au NPs were designed
and synthesized with NP sizes of 20, 50 and 80 nm, and three different BCPs with
varying lengths of the PS block (with the repeating units of 50, 450, and 900,
respectively) at the fixed PEO length (45 repeating units) (named P1–P3). A common
hydrophobic SERS probe, Nile red, was chosen as a model to study the effect of
structural variations of SERS substrates on SERS performance. During the self-assembly
of amphiphilic Au NPs into 3D plasmonic vesicles, the hydrophobic Nile red can be
effectively enriched and concentrated into the hydrophobic PS layer because of
hydrophobic interaction, thereby locating in the produced hot-spots between Au NPs that
significantly enhanced the Raman signal of Nile red (Figure 3.1). When BCP-tethered Au
NPs with the long hydrophobic PS block (P3) and 80 nm Au core were used, the selfassembled nanostructures exhibited well-ordered plasmonic vesicles with the highest
SERS EF of 1.87 × 108, which was significantly higher than other obtained selfassembled nanostructures. Also, unlike these previously reported 3D nanostructures that
require complicated synthesis, the direct self-assembly of the amphiphilic AuNPs into 3D
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plasmonic vesicles in solution is very simple and convenient, making this strategy wellsuited for on-site rapid detection. Owing to the outstanding SERS EFs achieved and the
versatility of the self-assembly process, the method was used to develop self-assembled
plasmonic vesicles as 3D SERS substrates to detect hydrophobic contaminants existing in
food and the environment with ultrahigh sensitivity down to picomolar levels.

Figure 3.1 – Schematic of designed plasmonic vesicle-based SERS platform for the
detection of hydrophobic contaminants.
The computational work specifically considers 20, 50 and 80 nm Au NPs
assembled into vesicle forms and is modeled using the DDA similar to what was done in
Chapter 2 but on a bigger scale. Utilizing the DDA to consider plasmonic properties of
large NP systems such as this has been done by others, but the results were suspect as the
number of dipoles per NP sphere were very low, with approximately 600 dipoles per
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NP.149 Our results will have significantly more dipoles, thus, a much more accurate
picture of the plasmonic phenomena is obtained.
Methods
Extinction spectra and near-field enhancement factors are calculated using the
DDA method, as implemented in the DDSCAT 7.3 software package.63,65,70 The DDA is
an approximation method used to solve Maxwell’s equations where exact solutions, such
as Mie theory, are not available due to the shape of the target material. The DDA method
has been widely used and is discussed in detail elsewhere.64,65 The extinction spectra, Qext,
is calculated from the extinction cross section, Cext, according to the usual definition as
implemented in DDSCAT:
,
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, and Einc is the incident electric field. The presented Qext = Cext/paeff2 is a

dimensionless number where aeff is the effective radius of the given NP assembly, which,
for a NP vesicle of n-particles, of a single material, with same radius r, aeff = n1/3r.
The experimental SERS enhancement factor is typically determined by comparing
the Raman intensity from the same amount of dye molecules free in solution to the
Raman intensity of these dye molecules adsorbed on the metal surface.85 Our
collaborators used a variety of dye molecules to test the SERS response, and each of
these were prepared in a chloroform solution: Nile red (10−4 g mL−1), rhodamine 6G (10−4
g mL−1), crystal violet (10−4 g mL−1), Bap (10−4 g mL−1), PCB 7 (10−4 g mL−1), PCB 77
(10−4 g mL−1), and PCB 209 (10−4 g mL−1). A series of desired concentrations ranging
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from 10−5 to 10−13 g mL−1 were obtained by a 10-fold dilution with chloroform. The
resultant analyte solutions (50 μL) were first mixed with 300 μL of BCP-tethered Au NPs
in chloroform solution, and the mixed solution was added to 3 mL of 2.5% (w/v) SDS
solution to form the emulsion by vortex stirring for the production of self-assembled
plasmonic vesicles. Then, the solution containing the plasmonic vesicle solution was
directly analyzed with the portable Raman spectrometer.
If one assumes that the dye molecules make a single monolayer on the surface of
NPs of the vesicle, then the SERS enhancement factor is related to the square of QNF
(SERS EF = QNF2 ) where 𝑄,9 = < |𝑬(𝜔)|* >⁄|𝑬5 (𝜔)|* , E0 is the electric field of
incident light, and E(w) is the electric field near the metal surface after the Maxwell
solution is obtained.83 Numerically, this was done by first calculating and outputting all
E-fields from DDSCAT that correspond to an extended volume that covers the NPs. All
sites that are one lattice point away from the particle surface were then extracted as the
surface sites and the QNF is obtained by average all |E|2 value over these surface sites.
This work focuses specifically on Au NPs of diameter 20, 50, and 80 nm, arranged in a
vesicle configuration, to simulate the experimental system shown in Figure 3.2. The
morphology and size of the obtained nanostructures were characterized by transmission
electron microscopy (TEM) and dynamic light scattering (DLS) analysis. TEM images
indicated that these as-prepared single Au NPs displayed regularly spherical NPs with
sizes of approximately 20, 50 and 80 nm, which were further confirmed by DLS analysis.
These single Au NPs were then tethered together to form the vesicles of Figure 3.2.
Simulating a representative system is computationally expensive and requires a
dramatic increase in resources when compared to smaller assemblies. Also, novel NP
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placement to optimize the coordinates for the DDA to try and best match the NP packing
of the experimental vesicle is critical. Experimental measurements were incorporated as
the NP vesicle system was computationally designed, and to assist with the coordinate
generation, an in-house Fortran 90 program was used to position the spheres to ensure an
appropriate number of NPs and interparticle spacings that accurately modeled the
experimental vesicle.

Figure 3.2 – Characterization of assembled plasmonic vesicles with 80 nm Au NPs
tethered with BCPs. Panels (A) and (D) represent TEM images and (B) and (E) are SEM
images of the vesicles. Panel (C) is the DLS analysis, and (F) is the UV-Vis spectra
before and after Au NP assembly.
The vesicles of Au NPs are generated through DDSCAT 7.3 using the
SPHERES_N module and all DDA calculations on the NP assemblies are performed in a
medium with refractive index n = 1.33, representing the aqueous solution. Generally,
when performing DDA calculations, a dipole distance of less than 1 nm is sought as it
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more accurately produces results that match Mie theory. However, due to the
computational expense, it is not possible to use such an extremely small dipole distance
for these systems and for our simulations the Au NP vesicles utilized a dipole distance of
approximately 1.5 nm. All computations were done using the Au dielectric constant
values by Johnson and Christy.150
Results & Discussion
Plasmonic coupling between NPs has been studied extensively in the past, and
extending this plasmonic effect to 3D systems has been a more recent goal of
experimentalists as it is anticipated that the increase in plasmonic interactions will
increase the SERS effect.37,48,49,51,151–161 To test this hypothesis for 3D plasmonic vesicles,
we computed the Qext and QNF for simulated systems that best represented the
experimentally prepared Au NP vesicles of our collaborators. The three systems of
interest are shown in Figure 3.3, and these systems represent an organized configuration
that consists of the most Au NPs that can fit on the surface.

20nm Particles

50nm Particles

80nm Particles

550nm Vesicles

20nm Particles

Figure 3.3 – Illustrated 3D model of the Au NPs equidistant from each other with the 10
closest possible packing, which, should most accurately model the experimental
conditions. Each representative system consists of a number of Au NPs on par with what
was experimentally determined: 1621 20 nm, 380 50 nm, and 148 80 nm Au NPs per
respective vesicle.
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Various techniques were used in determining the spatial coordinates of the Au NPs on the
simulated vesicle surface. One method, that we term “organized” (O), sought to
maximize the vesicle coverage and determined the placement of the maximum number of
NPs by using an electrostatic repulsion of the points to equalize the NP spacings. The
other method produced a randomly generated set of NP coordinates via Monte Carlo
simulation that we term as “random” (R), and these coordinates were generated with an
in-house Fortran 90 program that resulted in an unequal spacing NP configuration. This
was a rather computationally expensive process but was only required to be done once to
gain the needed coordinates for all future computations. These two simulated systems
produced slightly different results. The (R) configuration simulated vesicles consisting of
1621 20 nm Au NPs, 259 50 nm, and 98 80 nm NPs, respectively, which were assembled
onto the 550 nm hollow nanovesicle surface. The (O) configuration simulated 380 50 nm
particles, and 148 80 nm particles, and these configurations, along with the 1621 20 nm
arrangement, are shown in Figure 3.3. These coordinates, for the (O) and (R) systems, are
then used by DDSCAT 7.3 to calculate the Qext and QNF of the vesicle systems and the
results are plotted in Figure 3.4. Results show that the (R) arrangement yields a more
intense Qext and QNF which is likely due to unequal spacing that resulted from the Monte
Carlo simulation. There is also a tremendous redshift in the QNF, as compared to the Qext,
which is at least 150 nm for each of the computed systems. This theme of redshifting is
consistent with what is computed for smaller assemblies, but the magnitude is greatly
increased for the vesicle arrangement.
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Figure 3.4 – (A) Extinction efficiency for Au NPs of 20 nm, randomly situated (R) and
50, 80 nm (O) and (R) on vesicle surface. (B) SERS enhancement factor for the same
systems.
Visualization of computed plasmonic hot-spots between the Au NPs of the
vesicles is a challenge because of symmetry issues that exist as a result of the spatial
arrangement of the surface Au NPs. Slices through the central plane of the vesicle, or of
any plane for that matter, does not perfectly align such that a symmetric ring is extracted
for the sake of comparison to smaller systems. A "best case" cross-section, illustrating the
computed hot-spots between NPs, is shown in Figure 3.5. This is above the center plane
of the vesicle by approximately 20 dipoles but produces a more expected symmetric
image and clearly shows the E-field enhancements between NPs (red intensity). Slicing
through the vesicle on other planes reveals intensity artifacts that reside in the middle of a
NP sphere but these false hot-spots are merely a result of not selecting a sectional plane
through the center of a given NP, but instead, extracting intensity data corresponding to
the top or bottom of an Au NP sphere (as seen in Figure 3.6). Thus, any strong
enhancement visualized in the middle of a Au NP is representing the enhancement along
a perpendicular axis. E-field enhancement figures do show an overall symmetric
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enhancement, as expected, in the Y and Z-planes, which, is associated with how the
alignment of the incident E-field interacts with individual, and neighboring, Au NPs.

Y axis – E-Field Enhancement

80nm NPs – Cross-section

Figure 3.5 – Cross-section of the 80 nm Au NP vesicle showing the electric field
enhancements (red) that reside between particles. The black line in the figure to the right
shows where the cross-section was extracted with respect to the vesicle as a whole. Size
differences of the spheres in the cross-section image are a result of not being able to cut
the vesicle to perfectly bisect each sphere as the packing model does not allow for that
symmetry.
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20nm Particles

50nm Particles

80nm Particles

550nm Vesicles

80nm Particles

50nm Particles

20nm Particles

10

X axis

Y axis

Z axis

0

Figure 3.6 – The top of the figure shows the spatial arrangement of Au NPs on the
vesicle surface: 1621 20 nm; 380 50 nm, and 148 80 nm Au NPs, respectively. Electric
field enhancements for the NPs on the surface are plotted for each coordinate axis. The
electric vector is oriented along the y-axis, and the propagation vector along the x-axis.
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Conclusions
Experimental results reveal that our collaborators were able to synthesize an Au
NP vesicle that exhibited an ultrahigh sensitivity of 10-12 g mL-1 for Nile red with a SERS
EF of 1.87 ´ 108, which is superior or comparable to most of the other reported 3D SERS
nanostructures. Computational results showed similar trends in the Qext when compared
to the UV-Vis data and the QNF results revealed strong plasmonic coupling between
neighboring surface Au NPs, which, complements the measured experimental sensitivity
of the vesicle. The significant number of hot-spots indicates that the developed Au NP
vesicle can serve as a potential SERS substrate. In addition, the proposed method
displays high reproducibility and excellent multiplexing detection capacity. The
universality and practicability of the designed method was further evaluated by using
actual contaminant-spiked soil samples. Therefore, the designed plasmonic vesicles can
serve as a universal 3D SERS platform for the ultrasensitive and reproducible analysis of
various hydrophobic contaminants, especially for field detection in food safety analysis
and environmental monitoring.
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Chapter 4 – Impact of Orientation and Geometry on SERS Enhancement in
Nanoparticle assemblies
Spherical gold nanoparticles (Au NPs) assembled in dimer, trimer, and up to
hexamer arrangements, were studied computationally using the Discrete Dipole
Approximation (DDA). Both the extinction spectra (Qext) and near-field spectra (QNF)
were computed to gain insight into how the orientation and geometry of NP assemblies
impact the surface-enhanced Raman scattering (SERS) enhancement. For the wellstudied dimer system we show that the QNF enhancement, due to coupling, is much
greater than the enhancement in Qext. Results reveal a linear correlation between the QNF
and Qext peak positions, with the QNF peak redshifted from the Qext peak by an average of
approximately 11 nm. The suggested scaling dependence of Qext peak shift due to
coupling, as a function of the gap over NP diameter, s/D, could be extended to the QNF,
although deviation from this scaling dependence was seen with larger particle size.
Orientation of the dimer axis, as it rotates away from the incident electric field
polarization, resulted in QNF and Qext both decreases significantly due to the loss of
coupling, a well-known phenomenon. This loss of coupling has prompted a suggestion
that by assembling NPs into 3D-shapes one can overcome such loss and reach better
enhancement. This suggestion was examined by comparing a NP trimer in a linear
configuration to a triangular arrangement, a NP tetramer in linear arrangement to a
tetrahedron, and a hexamer in a linear arrangement to an octahedron. We found that while
Qext and QNF for the 3D-shaped NP assemblies have less angle dependence, the maximum
coupling in these NP assemblies is weaker than the maximum coupling achieved in a
linear configuration. As a result, the orientation averaged <QNF> for 3D-shaped NPs
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assemblies is weaker than the orientation averaged <QNF> for the linear chain
configuration, contrary to experimental suggestions.
Introduction
Raman reporter molecules, when adsorbed on the surface of plasmonic
nanoparticles (NPs), experience surface-enhanced Raman scattering (SERS), and this
phenomenon can be utilized for sensitive detection and imaging.86,162–164 SERS-based
detection enjoys advantages over fluorescence-based detection since SERS provides
finger-print like spectra, capable of achieving multiplexing, and is less susceptible to
background interference. Successful applications of SERS-based detections rely on
achieving strong surface enhancement, the greater the enhancement, the more sensitive
detection will be. While plasmonic nanoparticles, such as silver (Ag) or gold (Au) are
known to give rise to SERS enhancement due to enhanced electric field near the metal
surface, strategies to increase the enhancement have been sought as the enhancement
from a single NP is limited. Based on a simple intuitive understanding of electromagnetic
theory, experimentalists have pursued various ways to enhance the SERS effect by
making anisotropic particles, or ones with roughed surfaces. Another strategy is to
assemble NPs into dimers, trimers and multi-mers in anticipation that the gaps between
NPs will experience stronger electric field enhancement. Preparation of
“nanodumbbells,” by linking two Au (or one Au and one Ag) NPs through DNA
hybridization, exhibit stronger Raman signals, and similar results are seen when Au
nanorods are assembled into chain-like structures and even show a 5~50 times strong
SERS intensity than the isolated Au rod.165,166 Extension of this effect to consider NPs
assembled into 3D geometries, rather than merely keeping the field enhancements limited
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to one-dimension, reveals 3D-hotspots and achieves stronger SERS enhancement.167 The
idea of 3D-hotspots were further explored by others who made use of different strategies
to assemble plasmonic nanoparticles into 3D structures such as a vesicle.168–170 These
experimental studies have all shown better SERS enhancement in NP assemblies, but the
exact dependence of the enhancement on the geometry and shape of NP assemblies is not
established.
The SERS enhancement in NP assemblies is primarily determined by an enhanced
electric field on the NP surface.83 This latter enhancement, however, depends on the
orientation of the assembly with respect to incident light propagation, wavelength, and
polarization. Although the field enhancement of a particular arrangement of NP assembly
is presented in these studies, the calculation is often done for one shape or for a single
orientation.167,171 Enhancement measured in experiment, however, is typically an
ensemble average of all orientations and polarizations of light. Whether a stronger SERS
enhancement seen in experiments is due to 3D hotspots in 3D-shaped NPs assemblies is
not firmly established in these experimental studies. Past studies that report coupling
between NPs in assemblies have primarily focused on extinction spectra and have rarely
investigated near-field enhancement.37,47,50,51,159,172–174 For example, Dolinnyi used
generalized Mie theory to calculate extinction spectra of a pair of Au NPs and analyzed
the shift in the extinction spectra.37 He showed that the earlier suggested scaling
dependence in the fractional shift of plasmon peaks does not always hold.175 These
studies, however, did not examine the near-field enhancement. Schatz’s group was
probably the first to examine the near-field enhancement using the discrete dipole
approximation (DDA).42,99 Generalized Multiparticle Mie (GMM) FIELD code has also
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been used recently to investigate the near-field enhancement of Ag and Au heterodimers
and more recent work has examined the effect of cluster size on SERS enhancement of
Ag and Au aggregates.156,174,176 These studies, however, have examined a limited number
of cases and have not explored the dependence of SERS enhancement on the geometry
and orientation of NP assemblies. We present here a systematic theoretical investigation
of Au NPs assembled into dimer, trimer up to hexamers, with controlled gaps and sizes,
but with different geometries, and we focus on the effect of orientation and geometry of
NP assemblies on the SERS enhancement.
Methods
Extinction spectra and near-field enhancement factors are calculated using the
DDA method, as implemented in the DDSCAT 7.3 software package.63,65,70 The DDA is
an approximation method used to solve Maxwell’s equations where exact solutions, such
as Mie theory, are not available due to the shape of the target material. The DDA method
has been widely used and is discussed in detail elsewhere.64,65 The extinction spectra, Qext,
is calculated from the extinction cross section, Cext, according to the usual definition as
implemented in DDSCAT:
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, and Einc is the incident electric field. The presented Qext = Cext/paeff2 is a

dimensionless number where aeff is the effective radius of the given NP assembly, which,
for a NP assembly of n-particles, of a single material, with same radius r, aeff = n1/3r.
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Experimental SERS enhancement factor is normally determined by comparing the
Raman intensity from the same amount of dye molecules free in solution to the Raman
intensity of these dye molecules adsorbed on the metal surface.85 If one assumes that dye
molecules make a single monolayer on the surface of NPs, then the SERS enhancement
factor is related to the square of QNF (SERS EF = QNF2) where
𝑄,9 = < |𝑬(𝜔)|* >⁄|𝑬5 (𝜔)|* , E0 is the electric field of incident light, and E(w) is the
electric field near the metal surface after the Maxwell solution is obtained.83 Numerically,
this was done by first calculating and outputting all E-fields from DDSCAT that
correspond to an extended volume that covers the NPs. All sites that are one lattice point
away from the particle surface were then extracted as the surface sites and the QNF is
obtained by average all |E|2 value over these surface sites. We have recently shown that
QNF obtained numerically from DDSCAT for spherical Au NPs compares well with Mie
theory as long as the dipole distance in the DDA calculation is less than 1 nm, which, is a
more stringent requirement than that is needed for Qext.22,68,69,177 In the current study, we
will focus on Au NPs of diameter 15, 20, 50, and 80 nm. Figure 4.1 shows the
comparison between Mie (1A and 1B) and the DDA (1C and 1D) results of Qext and QNF
values for a single Au NP. Both Qext and QNF from the DDA compare well with the exact
solution from Mie theory, except for the presence of a shoulder peak in the QNF from the
DDA results, which, seems to depend on dipole distance used in the DDA calculations as
it disappears if an extremely small dipole distance is used.177 However, due to the
computational expense, it is not possible to use such an extremely small dipole distance
for every system. Most calculations reported here will use a dipole distance of 0.5 nm or
less and will be noted whenever needed. All calculations were done using the Au
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dielectric constant values by Johnson and Christy.150 The shoulder peaks in the QNF, if
present, are ignored in the rest of the discussion.

Figure 4.1 – Comparison of Qext and QNF between Mie theory (A and B – solid lines) and
DDA calculations (C and D – dashed lines). The DDA is performed with dipole distances
of 0.2 nm (for 15 and 20 nm NPs), 0.25 nm (for 50 nm NPs) and to 0.8 nm (for 80 nm
NPs). All calculations used the dielectric constants of Johnson & Christy.
The multimers of Au NPs were generated through DDSCAT 7.3 using the
SPHERES module. The target orientation relative to the laboratory frame is controlled
through the rotational angles b, Q, and F, as described by the DDSCAT 7.3 manual.178
All DDA calculations on NP assemblies are performed in a medium with refractive index
n = 1.33, representing the aqueous solution.
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Results & Discussion
(I) Dimer Coupling
The coupling between two plasmonic NPs has been studied extensively in the
past.37,48,49,51,151–161 Previous studies have found that when the incident light polarization is
parallel with the direction of the axis passing through the centers of particles, there will
be a coupling between the two NPs that leads to a shift in plasmonic peak position. A
universal scaling dependence has been proposed for the fractional shift in the plasmonic
peak, Δλ/λ0 = (λp/λ0) – 1, against the ratio of gap distance (s) over the particle diameter
(D), where λ0 is the plasmonic peak of an individual particle and lp is the plasmonic peak
of the dimer.37,175 The dependence is fitted to an exponential decay function: Δλ/λ0 =
aexp(-x/t), where x=s/D, and a and t are fitting coefficients. This dependence has been
called the plasmonic ruler and has been suggested to be used to measure distance at the
nanometer scale based on the shift in the plasmonic peak.179 A recent compilation of
previous studies, that investigated this coupling phenomenon, reviewed many earlier
results including results from generalized multiparticle Mie theory for Au NPs with
diameters from 8 nm - 80 nm and a gap distance from 0.1 nm - 120 nm.37 Particularly
interesting features observed in this study are that the scaling dependence proposed by
earlier studies does not always hold for all particle sizes, and that as the s/D ratio
becomes small, there can even be two or three peaks in resulting spectra. These studies,
however, only examined the Qext, not the QNF. Here, we examine the coupling in Au NP
dimers and obtain both Qext and QNF at four different gap distances, and these results are
presented in Figure 4.2 – .
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One notable feature in Figure 4.2 – is the greater QNF enhancement due to coupling
as compared to the enhancement seen in Qext. While the maximum peak intensity in Qext
spectra changes by a factor of two when there is strong coupling, the peak intensity of
QNF increases by almost a factor of fifty. Recall that the SERS enhancement factor is
proportional to the 4th power of electric field enhancement, or QNF2. This implies that the
SERS enhancement of Raman reporter molecules on the surface of plasmonic NPs could
experience a maximum 1000-fold enhancement as compared with that from a single
particle. The peak position of the QNF is redshifted from the peak position of Qext by
approximately 11 nm, and a linear relationship exists between the two as is shown in
Figure 4.3 – .

Figure 4.2 – Extinction (Qext) and near field (QNF) spectra for 20 nm Au NP dimers
(panel A and B) and 80nm Au NP (panel C and D) with a gap separation of 1, 2, 5, and
10 nm. The E-field is parallel to the inter-particle axis as shown in the illustration. The
dashed lines are the Qext and QNF for the monomer, respectively.
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Figure 4.3 – A correlation plot between the peak position in QNF and Qext for the dimer
coupling. The most intense peak is considered if there were multiple peaks in the spectra.
Following similar analysis as Dolinnyi’s work, and the work of others, we analyzed the
shift in peak wavelength and maximum peak intensities as a function of s/D for both Qext
and QNF. Figure 4.4 – presents the scaling dependence for the fractional shift in peak
position for Qext and QNF (panels A and B) as a function of s/D. In agreement with
Dolinnyi’s report, the data sets with 80 nm Au NPs deviate somewhat from the other two
smaller Au NP data sets.37 Panels C and D of Figure 4.4 – show peak intensity at both
extinction and near-field spectra normalized by intensity associated with a single Au NP
as a function of s/D. The significant enhancement in the QNF spectra compared with Qext
should be noted, because while the coupling causes the Qext to increase by no more than a
factor of five, the QNF is increased by a factor of fifty. Interestingly, the scaling
dependence in the normalized peak intensity of QNF as a function of s/D is better observed
than for the normalized peak intensity for Qext.
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Figure 4.4 – Scaling dependence of fractional shift in peak wavelength (A & B) for
extinction and near field spectra, respectively, from the monomer peak position at l0.
Normalized peak intensity (C & D) for extinction and near field spectra by peak intensity
from the monomer is also plotted with respect to the gap/particle diameter ratio.
Up to this point the presented data considers light polarization parallel to the interparticle axis. As discussed in the introduction, in typical experimental settings, incident
light will illuminate NP assemblies in random orientations with random polarization,
hence, it is important to examine how the coupling depends on dimer orientation.
Computational consideration begins with a dimer of two 15 nm Au NPs separated by a 2
nm gap aligned in the Y-axis while the light is propagating along the X-axis. The two
polarizations of the E-field that are considered, either parallel (Y-pol) or perpendicular
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(Z-pol) to the dimer interparticle axis correspond to the strongest and weakest coupling
(essentially no coupling). This is plotted in Figure 4.5 – (A and B) for the computed Qext
and QNF, respectively. When the dimer rotates in the XY-plane, denoted by the angle
Q, the resulting Qext and QNF for Z-pol does not change (not shown), but the Qext and QNF
for Y-pol continually decreases and becomes the same as Z-pol when Q = 90. This
angular dependence is shown in Figure 4.5 – C. The ensemble averaged extinction and
near-field spectra, <Qext> and <QNF>, after being averaged over orientations angles (b,
Q, and F), are identical for Y-pol and Z-pol and are presented in panels A and B in
comparison to the strongest and weakest coupling. For the linear configuration, the
orientational averaged spectra, <Qext>W and <QNF>W, can be related to the two
polarizations through a simple relationship:
1
2
< 𝑄$8" >W = 𝑄$8" (𝐸// ) + 𝑄$8" (𝐸^ ) ,
3
3

(4.2)

1
2
< 𝑄,9 >W = 𝑄,9 (𝐸// ) + 𝑄,9 (𝐸^ ) ,
3
3

(4.3)

where the spectra for 𝐸// and 𝐸^ are determined for one NPs orientation with E-field
polarized parallel, and then perpendicular, to the inter-particle axis. This simple
relationship will be utilized to obtain ensemble averaged <Qext> and <QNF> for linear
multimer assemblies.
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Figure 4.5 – Plot of Qext (panel A) and QNF (Panel B) for a 15 nm Au NP dimer with a 2
nm gap at the two extreme coupling (Y-pol and Z-pol) along with the orientational
averaged spectra. Panel C illustrates the change of QNF as the dimer rotates by Q angle
with respect to the light axis as shown in the illustration.
(II) Linear Chains of Multimers
Utilizing the same methods, consideration is extended to assemblies of 2-6 NPs in linear
chains. If light polarization is perpendicular to the interparticle axis, then there is no
coupling between the NPs. Figure 4.6 – presents the Qext and QNF spectra for a chain of
15 nm Au NP separated by 2 nm gap when light polarization is aligned in the direction of
the chain. As the number of NPs increases, the Qext and QNF spectra both redshift and the
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intensities increase. Again, the QNF spectra increases more significantly than the Qext
spectra, however, the peak position in QNF spectra correlates well with the Qext spectra.
Both QNF and Qext spectra exhibit a single peak for Au NPs with 15 nm diameters but
reveal multiple peaks for larger Au NPs, such as 80 nm diameter particles, which,
complements experimental observation.180 Figure 4.7 – presents how the peak position
and peak intensity changes with the number of particles in this linear arrangement. In
terms of SERS application, the gain of enhancement is most significant in the case of the
dimer and reaches a plateau as the number of particles increase. These results are in good
agreement with reported experimental results.51

Figure 4.6 – Extinction and near-field spectra for linear arrangement of 15nm Au NPs,
from monomer, dimer, trimer to hexamer with 2 nm gap. Only light polarization parallel
with the particle axis is considered.
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Figure 4.7 – Change in peak wavelength and maximum peak value as a function of
number of particles in a linear assembly of 15 nm Au NP with gap distance changed from
1 nm to 10 nm. Panels A and B are for Qext, Panels C and D are for QNF.

(III) Linear Chain Versus 3D Shaped NPs Assemblies
We now focus on the question motivating our study: will 3D-shaped NP
assemblies have stronger QNF than the linear chain assembly? We first consider an NP
trimer arranged in a linear chain (LT) versus a triangular configuration (TT), with equal
NP gap distances. Figure 4.8 – compares the Qext and QNF for the two configurations. For
the triangular arrangement, light polarization perpendicular to the triangular plane leads
to the weakest coupling (dashed green lines in Figure 4.8 – ) and is about the same
magnitude as that from the LT configuration (solid green lines). Light polarization
parallel to a triangular edge leads to the strongest coupling (dashed red lines), however,
the spectra are weaker than the strongest coupling computed for the linear chain
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configuration (solid red lines). The orientational averaged <Qext> and <QNF> for the two
configurations (blue lines) are shown. The extinction spectra <Qext> for the two
configurations are comparable with each other, but the near field <QNF> for the linear
configuration produces a stronger intensity than the triangular trimer.

Figure 4.8 – Comparison of Qext (Panel A) and QNF (Panel B) for the linear trimer (LT,
solid lines) and triangular trimer (TT, dashed lines). Calculations are done for 15nm Au
NPs with 2nm gap. Dipole distance used is ~0.2 nm.
We can gain further insight regarding the orientational dependence of the Qext and
QNF by rotating a given NP assembly through the Q angle. As the Q angle changes from 0
to 60 degrees, the Qext for the two polarizations did not change (Figure 4.9 – A), while the
QNF for the Y-pol decreases slightly, and the QNF for the Z-polarization also did not
change, and these slight differences are shown in Figure 4.9 – B. This dependence on the
Q angle is very different from that of the linear chain (Figure 4.5 – C). Assembling the
NPs into a TT gained more angles for spatial orientation that produce strong
enhancements, however, the averaged spectra <QNF> for the TT configuration did not
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win over the <QNF> for the LT, largely because the LT provides strong coupling when
polarization is parallel with the chain axis.
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Figure 4.9 – Impact of rotating the triangle trimer in Q angle on the two polarizations of
Qext and QNF. Panel A reveals that there is no Q dependence in the Qext when light
polarization is perpendicular (Z-pol) or parallel (Y-pol) to the triangular NP arrangement.
The QNF shows a slight Q dependence when light polarization is parallel (Y-pol) to the
triangular edge. There is no change for Z-polarization. The systems studied here are same
as in Figure 4.8 – .
We further consider Au NP tetramers with linear, square, and tetrahedral
arrangements. In each case, the gap between the particles is kept constant at 2 nm. Figure
4.10 – shows computed <Qext> and <QNF> for the three tetramer configurations. While
the three <Qext> spectra are comparable with each other, the <QNF > is still maximized
when arranged in a linear configuration, quite unexpectedly. For the tetrahedron
configuration, QNF obtained at different orientations are almost all comparable with each
other and have very little dependence on the orientation angle. We have further extended
this methodology to consider hexamers and compared the linear hexamer configuration
against the octahedron arrangement. Again, results for the averaged <QNF> for the
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octahedron are weaker than the spectra from the linear configuration. This finding is in
contrast to experimental suggestions that the assembly of NPs into 3D-shapes could
produce more hotspots and, hence, lead to better SERS enhancement. The QNF spectra for
the 3D-shaped NP assembly has less angle-dependence, but coupling is not as strong as
in the linear chain configuration. As a result, the orientation averaged <QNF> for the 3Dshaped assembly is not as strong as that for the linear chain assembly even though the
latter has more angle dependence.

Figure 4.10 – Extinction spectra and near-field spectra averaged over orientation and
polarization for a tetramer of 15 nm Au NPs in three different spatial arrangements:
linear, square and tetrahedron. The gap distance between the neighboring particles is 2
nm. Dipole distance used in the calculations were ~0.2 nm for the linear and square
arrangements and ~0.42 nm for the tetrahedron.
We note that our computed QNF is averaged over all points on the nanoparticle
surface. These surface sites, depending on the dipole distance used in DDSCAT, are
approximately 2-5 Å away from the metal surface, which, is a reasonable distance to
model E-field enhancement experienced by Raman reporter molecules adsorbed on the
metal surface. In these NP assemblies, the E-field is strongest at the metal surface located
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between the two NPs, which, is confirmed by spatial intensity analysis of images such as
Figure 4.11 – . When NPs are assembled into 3D-shapes, such as tetrahedrons or
octahedrons, the rotation of the NP assemblies with respect to light have little impact on
the QNF spectra, unlike in the case of the linear arrangement. However, the linear
arrangement produces stronger coupling when light is parallel to the chain axis. In the
end, the linear arrangement still produces the strongest <QNF> spectra when averaged
over all orientations. Contrary to the experimental suggestions, we did not find evidence
that 3D-shaped NP assemblies will have better SERS enhancement than those in a linear
arrangement.
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Figure 4.11 – Computed E-field enhancement factor, |E2|, for the 15nm Au NP tetramers
arranged accordingly: linear (A), square (B), and tetrahedral (C). Data shown is for
incident radiation at 550 nm with a polarization such that the incident E-field is aligned
along the Y-axis, which, aligns with the interparticle axis for panel A. All figures are
visualized along the same axis and are scaled equally for comparison. Measured
intensities per pixel confirm that the strongest enhancement is at the particle surface.
Conclusion
Plasmonic metal NPs, when arranged such that they are in close proximity with
one another, can generate an intense SERS enhancement, more intense than the SERS
enhancement from isolated metal NPs. This understanding has driven many experimental
studies to create NP assemblies in various forms in order to achieve strong SERS
enhancement. It has been suggested that the SERS response might be improved if NP
configurations adopt 3D-shapes instead of a linear arrangement, such that the NP
assemblies can have more 3D-hotspots. This suggestion has motivated us to perform a
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computational investigation of NPs assemblies from dimer to hexamer with geometry
range from linear to 3D shape that include tetrahedron and octahedron.
We first examined the coupling in the dimer, a system that has been investigated
by many, but have only focused on the Qext, and we present both the Qext and QNF spectra.
The enhancement in QNF due to coupling is seen to be much greater than the enhancement
in Qext. There is also a linear correlation in peak position between the QNF and Qext, with
the former peak redshifted from the latter by approximately 11 nm. The suggested scaling
dependence of peak shift in Qext due to coupling as a function of the gap over particle
diameter, s/D, could be extended to the QNF, although deviation from the scaling
dependence with larger particle was observed as it has been reported by Dolinnyi.
We then examined the angle dependence of Qext and QNF on the orientation angle
Q as the dimer axis rotates away from the E-field polarization. Both Qext and QNF decrease
as Q increase. It is this strong angle dependence that has led experimentalists to seek
other assembly geometries that can generate and maintain the hotspots when the
assembly rotates. We examined NP trimers in linear configurations and made comparison
to the triangular configuration, as well as the tetramer in a linear configuration against a
square and tetrahedron configuration. When the NP assemblies adopted a more 3D-shape
geometry, the angle dependence was reduced. However, the maximum coupling in QNF in
the 3D-shaped NP assembly is not as strong as in linear configuration. In the end, the
orientation averaged <QNF> for the NP assemblies with 3D-shapes is weaker than <QNF>
for NPs assembled in a linear configuration. This finding is in contrast with experimental
suggestions. We acknowledge that we have only studied up to a hexamer assembly and
have not examined a greater number of particles but our presented computational data for
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NP assemblies up to the hexamer provides a better appreciation of coupling in NP
assemblies for the purpose of SERS applications.
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Chapter 5 – Conclusions & Future Work
The work presented in this dissertation focuses on the optical-plasmonic
properties of Au NPs, some with an IO-core, and others arranged in various assemblies,
with the end goal of understanding how these NPs will respond to incident radiation
resulting in E-field enhancement. Initial research considered the magnetic IO-Au
plasmonic core-shell NPs, with non-spherical core shapes, to test the applicability of the
DDA to calculate the near-field enhancement. One of the lingering questions when
utilizing the DDA is to what precision must one go to obtain the best results while
balancing computational expense, which, centers around the dipole distance variable.
Consideration of the dipole distance is plotted in Figure 2.1 and is compared to Mie
theory results, and these plots clearly show that while the extinction efficiency is not
hampered by an increase in dipole distance, the near-field enhancement features two
peaks as compared to the single peak of the Mie theory. This shoulder peak seems to be
influenced by the dipole distance with it being more pronounced at larger spacings. When
averaging over the surface points there is also a noticeable difference in enhancement
intensity (Figure 2.2), which, should also be a concern when considering appropriate
dipole spacings. Confident in how the dipole distance influences the results, core-shell
IO-Au NPs are computed with both spherical and octahedral IO cores to compare the
DDA and Mie results. The spherical IO-Au core-shell NP results reveal a strong dipole
distance dependence on both extinction and near-field spectra when the Au shell is thin (5
nm) as compared to a similar system with a thicker Au shell (10 nm) as shown in Figure
2.4 and Figure 2.3, respectively. Previous work suggests that there should be a redshift in
the plasmon peak purely as a function of the increasing Au shell thickness, but this work,
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as well as other computational studies suggest, shows that this is not the case. Instead, the
redshift seems to be a result of the Au shell thickness and the overall size of the NP.22,105
Comparison is also made to the octahedral core, for which Mie theory cannot be used,
and two particular systems are considered. First, an octahedral core with edge length of
35 nm is compared to a spherical core of 35 nm diameter (Figure 2.5), and secondly,
comparable core volumes are considered where now a spherical core of 33.8 nm is used
(Figure 2.6). Slight redshifting is seen for the octahedral core, in both examples, and
comparable enhancements might be assumed as the near-field spectra are similar, but a
closer look at the E-field maps (Figure 2.7) shows hot-spots at the edges of the octahedral
core, which, is significantly different when compared to the spherical core. Comparison
of the near-field enhancement factor (Figure 2.8) confirms that there are more hot-spots
for an octahedral core at all wavelengths, as compared to the spherical core, which
suggests that having a non-spherical core can enhance SERS properties of Raman
reporter molecules absorbed to the IO-Au NP surface.
This study has opened the door to consider other core shapes, and materials, as
well as how the size of the NPs affect the SERS response of the core-shell NP. Plasmonic
metals, such as Ag, that have a greater SERS response, may prove to be a better core
material when considering how to increase detection abilities of designed systems.
Increasing the number of points of the core shape, such as a start or something similar,
should also produce a greater SERS effect that might increase sensitivity of surface
molecules. There is also the variable of Au thickness, as well as particle size, that seems
to be a valuable point of investigation as how these two variables are interrelated might
suggest an optimum design for maximize the SERS response. The DDA results of this
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work clearly show the usefulness of this method and that the dipole distance needs to be
appropriately considered to compute valid results that match experiment. It is also
worthwhile to consider how multiple NPs, in close proximity to each other, might interact
and produce more hot-spots between NPs, thus, increasing the SERS response and overall
detection sensitivity.
Assembling NPs into structures is the overarching theme of Chapters 3 and 4,
with the former chapter being driven by experimental collaboration. Experimentally, selfassembled plasmonic vesicles are created in expectation that the SERS enhancement will
increase due to the 3D shape generated by having a vesicle surface made of small solid
Au NPs. Recently, 3D plasmonic nanostructures have been used as SERS-active
substrates to provide strong SERS enhancement, and when compared to conventional
low-dimensional plasmonic nanostructures, the 3D plasmonic nanostructures provide
many advantages, such as more SERS hot-spots for giant enhancement in all three
dimensions, larger overall surface area, and higher tolerance to focus misalignment along
the z-axis, thus improving the detection sensitivity.132,133 Synthesis of the Au NP vesicle
is achieved through polymerization and a schematic of the experimental design is shown
in Figure 3.1. This work focus on forming vesicles of approximately 550 nm in diameter
with a Au NP shell consisting of either 20, 50, or 80 nm spheres. Experimental TEM and
SEM images are shown in Figure 3.2 and it is from these measurements that the
simulation parameters are defined and are shown in Figure 3.3. Placement of the Au NPs
on the vesicle is a challenge and is accomplished via an inhouse Fortran90 program. As
in Chapter 2, the DDA is used to compute the spectral properties of the plasmonic vesicle
and extinction and near-field enhancement spectra are shown in Figure 3.4, which,
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compares the organized (O) and randomly (R) places Au NPs. The (R) placement results
in greater intensity due to the equal spacing between individual Au NPs. Electric field
enhancements can be visualized by looking at a cross-section of the vesicles, as shown in
Figure 3.5, and hot-spots can be seen corresponding to the red intensity between the
individual 80 nm Au NPs. This effect is seen in all the computed systems and is shown in
Figure 3.6 for 20, 50, and 80 nm results. Experimentally, these vesicles exhibited
ultrahigh sensitivity for Raman molecules and this computational work supports the
theory that this increase in sensitivity is due to the increase in SERS response due to the
3D platform. The computational results also prompt consideration of how the spatial
arrangement of the Au NPs might impact the SERS response as the spherical shape
removes any incident E-field alignment investigation except to note that there seems to
be a connection between the enhancement being aligned with the incident E-field and the
interparticle axis.
Chapter 4 investigates how Au NPs interact with linearly polarized incident
radiation and small NP assemblies are designed to consider how the SERS enhancement
is influenced by NP spacing, alignment, and size. The results of Chapter 3 suggest that a
3D assembly should produce a greater SERS response, thus, linear arrangements, as well
as simple 3D constructs, are simulated using the DDA to determine spectral response.
Previous chapters have established the necessary dipole distance, as well as the need to
consider NP spacing and size, thus, initial computations consider 15, 20, 50, and 80 nm
solid Au NPs using both Mie theory and the DDA (Figure 4.1). Results show that the
DDA does very good job at approximating the extinction spectra (Qext), and near-field
enhancement (QNF), but that a shoulder peak is seen for larger NPs (Figure 4.1D). The
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shoulder peak is sensitive to the dipole distance of the simulation, but computational
expense limits the coarseness of the dipole grid and the reported spectra are the most
refined allowed. Knowing that this second peak is an anomaly, it is ignored when
comparing wavelength and intensity results. Initial computations consider a Au NP dimer
with varied gap spacings (1, 2, 5, and 10 nm), one system consisting of two 20 nm Au
NPs and the other two 80 nm Au NPs, and compares these results to the single Au NP
monomer (Figure 4.2). It is clear to see that the Qext and QNF redshift as the Au NP dimer
spacing decreases and that this effect is more pronounced as the Au NP size increases.
There is also an increase in intensity for both the Qext and QNF with the QNF being much
more dramatic for both the 20 and 80 nm systems. It should be noted that this is when the
incident E-field is aligned with the interparticle axis as this allows for a coupling between
the dimers. Aligning the E-field perpendicular to the interparticle axis does not yield the
redshift in spectra nor the intensity enhancement. Comparison of the redshift in Qext to
QNF shows a linear relationship (Figure 4.3), which, should allow approximations of QNF
(more computationally expensive) to be anticipated from computed Qext (less expensive).
Consideration of the shift in peak wavelength and intensity, in regard to the universal
scaling dependence, is shown in Figure 4.4 and reveals a somewhat unexpected result.
Analysis of Dolinnyi’s comprehensive work suggests that larger NPs deviate from the
expected norm of the universal scaling dependence and these findings suggest a similar
result.37,175 The 15 and 20 nm systems are in line with each other, but the 80 nm system
deviates slightly. The significant enhancement in the QNF spectra compared with Qext
should be noted, because while the coupling causes the Qext to increase by no more than a
factor of five, the QNF is increased by a factor of fifty. These initial results are limited to
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the Au NP dimer being aligned with the incident E-field, thus, the next step is to compute
the resulting spectra when the dimer is rotated with respect to the E-field. The DDSCAT
code allows for angular rotations and results are shown in Figure 4.5. It is clear to see that
the polarization has a large effect on the resulting spectra, and the two extremes (Y-pol
and Z-pol) are compared to highlight the significant difference in optical-plasmonic
response. Orientational averaged results are also computed and plotted to represent what
might be anticipated to be measured in solution when the dimer is able to freely rotate.
Extending this alignment investigation to a greater number of NPs per assembly, a
redshift is seen in the Qext and QNF as the number of NPs is increased, as is an intensity
increase, for 15 nm Au NPs with a 2 nm gap spacing (Figure 4.6). Again, the QNF shows
a greater intensity increase as compared to the Qext, and peak wavelengths continue to
correlate. Comparison of the computed peak wavelength and peak intensity changes, with
respect to the number of particles in this linear arrangement, are plotted in Figure 4.7 and
are in good agreement with reported experimental results.51 Comparison of the linear
arrangement to a 3D configuration begins with a trimer, and computational results for
linear and triangular trimers is plotted in Figure 4.8. This begins to reveal that the linear
arrangement will always have a great intensity than the same number of Au NPs in some
other arrangement due to the plasmonic coupling of the NPs. Rotational consideration of
the triangular trimer is shown in Figure 4.9 to highlight how each polarization of incident
E-field interacts with the system. This reveals that the angular rotation is very different
from that of the linear chain. This phenomenon is also computed for a tetramer, in linear,
square, and tetrahedral configurations, and again, results for the averaged <QNF> for the
octahedron are weaker than the spectra from the linear configuration (Figure 4.10). This
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finding is in contrast to experimental suggestions that the assembly of NPs into 3Dshapes could produce more hotspots and, hence, lead to better SERS enhancement. The
QNF spectra for the 3D-shaped NP assembly has less angle-dependence, but coupling is
not as strong as in the linear chain configuration. The E-field enhancement for these
tetramers is shown in Figure 4.11 and reveal a greater enhancement for the linear system
than for the other arrangements. Thus, assemblies of NPs does increase the SERS
response, as is measured for the vesicle system of Chapter 3, but this is not merely due to
a 3D configuration as the linear system (at least up to a hexamer) always has a greater
SERS response.
A systematic study of the SERS response for NPs, specifically considering the
core-shell components, shape, size, assembly, and alignment to incident E-field
polarization may provide tremendous insight as experimentalists search for optimal
SERS-nanoprobes. The DDA allows for investigation of hypothetical systems, and can
model existing experimental systems, and can compute the expected SERS enhancement
which is something often not computed in literature. Previous work in our group, and
with collaborators, has already generated data that can extend into this realm of
investigation, so this would be a logical next step in this field. This work has also
revealed a connection between Qext and QNF and this might provide a great opportunity to
establish ways of anticipating SERS enhancement without actually doing the expensive
computations. The possibilities seem endless, but a careful systematic study may allow
for universal trends to become realized such that the current difficulty due to vast
variability of systems is simplified.
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